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metric	 index	 of	 10	 indices	 tested,	 explaining	 50%	 of	 the	 variation	 in	 condition	 in	
stranded,	 male	 porpoises	 with	 different	 causes	 of	 death	 and	 across	 age	 classes	
(n	=	291).	Mass/length2	was	then	used	to	evaluate	a	second	measure,	blubber	cortisol	










in	 the	 dorsal,	 outermost	 blubber	 layer	 could	 potentially	 be	 used	 as	 a	 biomarker	 of	
condition	in	free-	ranging	animals.
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1  | INTRODUCTION








body	condition	among	 individuals	within	 a	population	and	how	 this	
can	influence	demographic	processes	is	important	for	predicting	pop-
ulation	health	and	resilience	to	external	stressors.
In	 terrestrial	 studies	 investigating	 condition,	 ecologists	 have	 de-
veloped	a	number	of	nondestructive	methods	using	the	relationships	








common	 indices	 used	 in	 cetaceans	 are	maximum	 girth,	 length,	 and	
mass	(Read,	1990;	Víkingsson,	1995).	More	recent	efforts	have	con-
sidered	different	scaling	relationships	between	these	measures	(Hart,	









live	 cetacean	 species,	 also	 require	 investigation.	 For	 example,	while	
smaller	cetaceans	can	be	temporarily	restrained	for	the	collection	of	
morphometric	measurements	(Adams	et	al.,	2014;	Wells	et	al.,	2004),	









context,	 in	 the	 regulation	 of	 mammalian	 energy	 balance	 (Sapolsky,	
Romero,	 &	 Munck,	 2000;	 Strack,	 Sebastien,	 Schwartz,	 &	 Dallman,	
1995).	To	date,	 investigation	of	this	hormone	in	marine	mammal	en-
ergy	 regulation	 and	 fasting	 metabolism	 has	 focused	 on	 pinnipeds	
(Guinet,	Servera,	Mangin,	Georges,	&	Lacroix,	2004;	Kershaw	&	Hall,	
2016;	Ortiz,	Houser,	Wade,	&	Ortiz,	2003).	In	cetaceans,	three	studies	
have	measured	cortisol	 concentrations	 in	blubber	with	 	emphasis	on	
its	 variation	 with	 blubber	 depth	 (Trana,	 Roth,	 Tomy,	 Anderson,	 &	
Ferguson,	 2015),	 and	 its	 use	 to	 investigate	 the	 stress	 response	
(Kellar	et	al.,	2015;	Trana,	Roth,	Tomy,	Anderson,	&	Ferguson,	2016).	
However,	 cortisol	also	plays	an	active	 role	 in	 lipolysis	 in	 subcutane-
ous	adipose	 tissue	 (Divertie,	Jensen,	&	Miles,	1991;	Djurhuus	et	al.,	
2004;	 Samra	 et	al.,	 1998),	 so	 cortisol	 concentrations	 in	 the	 blubber	





The	aim	of	 this	 study	was	 therefore	 to	 identify	 the	most	appro-




291	 stranded,	male	 harbor	 porpoise	 by	 the	 Scottish	Marine	Animal	





2  | MATERIALS AND METHODS
2.1 | Morphometrics dataset
2.1.1 | Data collection
Data	 collected	 by	 the	 Scottish	 Marine	 Animal	 Strandings	 Scheme	
(SMASS)	 from	 stranded	 male	 harbor	 porpoises	 (n	=	291)	 around	
Scotland,	 UK,	 were	 collated	 between	 January	 2006	 and	 January	
2016	to	assess	different	morphometric	measures	of	body	condition.	
For	these	animals,	the	cause	of	death	(COD)	was	determined	either	
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The	most	 representative	morphometric	 index	 of	 body	 condition	
was	investigated	based	on	three	ground-	truthing	assumptions:
1. “Chronic”	 cases	 will	 have	 a	 lower	 body	 condition	 index	 than	
“acute”	 cases	because	 the	acute	 cases	died	as	 a	 result	of	 critical	
physical	 injury	 and	 did	 not	 become	 debilitated	 with	 a	 gradual	
decline	 in	 their	 health.
2. Overall,	 juveniles	 will	 have	 a	 lower	 condition	 index	 than	 adults.	
These	individuals	have	recently	weaned	and	are	foraging	indepen-
dently	 for	 the	 first	 time	 making	 them	 vulnerable	 to	 nutritional	











tigated	 as	 a	 potential	 index	 as	 it	 has	 been	 previously	 identified	 as	 a	









each	 index	 (leveneTest	 in	 the	Rcmdr	R	package	 to	 test	 for	homoge-





function	 (MuMIn	package	 in	R)	which	 identifies	 the	variables	and/or	
































































explained	by	each	variable	 retained	 in	 the	 final	models	was	also	as-
sessed.	When	there	is	more	than	one	predictor,	the	partial	eta-	squared	
(partial	η2)	is	the	proportion	of	the	variance	explained	by	a	given	pre-














Full-	depth	 skin,	 blubber,	 and	 underlying	 muscle	 samples	 were	 col-
lected	from	20	dead	harbor	porpoise	by	the	SMASS	between	2013	
and	2015.	Only	 freshly	 dead	 animals,	 classified	 as	 those	 that	 origi-






















ately	 below	 the	 skin	 and	 inner-	layer	 subsamples	 taken	 immediately	
above	 the	 muscle	 layer.	 The	 middle-	layer	 subsamples	 were	 taken	
	immediately	 above	 the	 inner-	layer	 subsamples.	For	 thinner	 samples	
(≤15	mm	depth),	the	blubber	thickness	was	divided	into	three	equal	
parts	to	give	outer	middle	and	inner		layer	subsamples	of	equal	thick-
ness.	 Finally,	 the	 outer	 layer	 only	was	 subsampled	 from	 the	 dorsal	
site	of	all	20	individuals.	The	steroid	extraction	method	described	by	




and	 then	 resuspended	 in	 500	μl	 of	 phosphate-	buffered	 saline	 (pH	
7.5).	Cortisol	 concentrations	were	determined	using	a	commercially	















2.2.4 | Assay and extraction verifications








using	 spiked	 recovery	 tests	 (Appendix	 S1).	 Secondly,	 the	minimum	
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Body location and blubber layer
Generalized	 linear	 mixed-	effect	 models	 (GLMMs)	 were	 used	 to	
investigate	 cortisol	 concentrations	 both	 across	 body	 locations	
and	 through	 the	blubber	depth	while	 accounting	 for	 the	 repeated	
measurements	 from	 the	 same	 individuals	 that	 are	 considered	 as	
random	 effects	 (Bolker	 et	al.,	 2008).	 Two	GLMMs	 (glmer	 function	
in	 the	R	package	 lme4)	with	a	gamma	distribution	to	better	model	
the	 right	 skew	 in	 the	 cortisol	 concentration	 data,	 a	 log	 link	 func-








the	 possibility	 that	 animals	 in	 varying	 condition	may	 show	 differ-








































used	 for	 further	 interpretation.	 As	 girth/length	 and	 the	 scaled	 mass	
index	 showed	 no	 differences	 between	 age	 classes,	 these	 were	 also	
dropped	 for	 further	 interpretation.	Of	 the	 remaining	 indices	 (blubber	











much	of	the	variation	 in	mass	 is	accounted	for	by	changes	 in	 length	
(Hayes	&	Shonkwiler,	2001).	Thus,	 indices	of	 condition	 that	 are	not	









index	 (mass/length2)	with	 an	 adjusted	R2	value	of	 0.50.	 In	 addition,	
for	mass/length2,	 the	effect	size	for	COD	was	highest	with	a	partial	
Number of 
individuals Body location Blubber layer Model
















an	 intercept	 term,	 and	 the	parameters	of	 this	equation	can	be	esti-
mated	empirically	by	nonlinear	regression.	When	the	goal	 is	 to	gen-
erate	a	condition	index	that	is	independent	of	size,	use	of	the	mass/












mated	 as	2.33	 (with	95%	confidence	 intervals	 of	1.89–2.77),	which	
mass = δ + α lengthβ.
TABLE  3 Summary	of	the	covariates	used	in	the	linear	regression	models	for	each	body	condition	index
Body condition index model
Model covariates used in model selection
Model adjusted 
R2COD Age class Season
Ventral	blubber	thickness Variable	retained ** ** ** 0.22
Assumptions	met + + +
Partial	η2 0.15 0.06 0.01
Ventral	blubber/girth Variable	retained ** ** ** 0.09
Assumptions	met + − +
Partial	η2 0.14 0.05 0.01
Ventral	blubber/length Variable	retained ** ** * 0.15
Assumptions	met + − +
Partial	η2 0.14 0.05 0.01
Girth/length Variable	retained ** * 0.19
Assumptions	met + −
Partial	η2 0.19 0.01
Mass/length Variable	retained ** ** 0.72
Assumptions	met + +
Partial	η2 0.17 0.69
Fulton’s	index Variable	retained ** ** 0.17
Assumptions	met + −
Partial	η2 0.13 0.08
Quetelet’s	index Variable	retained ** ** 0.50
Assumptions	met + +
Partial	η2 0.19 0.40
Relative	condition Variable	retained ** ** 0.25
Assumptions	met + +
Partial	η2 0.17 0.08
Residual	index Variable	retained ** ** 0.21
Assumptions	met + +
Partial	η2 0.11 0.17
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significantly	better	condition	 than	 the	chronic	cases	 (p	value	<	.005)	








3.2.2 | Extraction efficiency and minimum 
sample mass
The	calculated	extraction	efficiencies	were	used	to	correct	the	meas-
ured	 cortisol	 concentrations	 in	 each	 sample	 to	 give	 a	 final	 cortisol	
concentration	used	for	statistical	analysis	(Appendix	S1).	Both	extrac-
tion	efficiency	and	measurement	variability	decreased	with	increased	
sample	mass.	Based	on	 these	 relationships,	 it	 is	 recommended	 that	
for	maximum	extraction	efficiency	and	minimum	variability,	blubber	
samples	should	be	between	0.15	and	0.2	g	(Appendix	S1).
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full-	depth	dorsal,	lateral,	and	ventral	samples,	respectively.	Thus,	there	
are	no	significant	differences	in	blubber	cortisol	concentrations	across	














difference	 in	 the	 AICc	 between	 the	 two	 best-	fitting	 models,	 indi-
cating	 that	 they	were	of	equivalent	 fit	 to	 the	data	 (Table	4).	These	
models	retained	both	age	class	and	sex,	and	body	condition	and	sex	
as	 important	 explanatory	 variables	 (Table	4).	 Juveniles	 had	 higher	
cortisol	concentrations	than	adults	(p	=	.05),	and	there	was	a	weakly	
significant	negative	 relationship	between	mass/length2	 and	 cortisol	
concentration	 (p	=	.1).	Overall,	 females	had	 significantly	higher	 cor-
tisol	concentrations	 than	males	with	means	of	111.37	±	59.86	ng/g	
compared	 to	 66.77	±	29.73	ng/g	 (p	=	.02;	 Figure	4).	 This	 could	 be	
as	a	result	of	the	cross-	reactivity	of	the	ELISA	kit	with	progesterone	




et	al.,	 2013).	Nonetheless,	 to	 investigate	 the	potential	 confounding	
effect	of	 this	cross-	reactivity,	 the	male	and	female	data	were	mod-
eled	 separately	with	 the	 same	 covariates	 and	model	 selection	 pro-












Model Variables df AICc ΔAICc Weight
1 Sex	+	age	class 4 209.4 0.0 0.29
2 Sex	+	mass/length2 4 210.9 1.5 0.14
3 Age	class 3 211.9 2.5 0.08
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Cause	of	death	was	not	retained	in	the	final	model	likely	because	
it	is	tightly	linked	to	the	condition	of	the	individuals	as	the	acute	cases	
were	 generally	 in	 better	 condition,	 and	 showed	 a	 smaller	 range	 in	
mass/length2	than	the	chronic	cases	with	mean	mass/length2	values	




4.1 | Mass/length2 as a condition index
Mass/length2	 was	 determined	 to	 be	 the	 most	 appropriate	 mor-










There	was	 little	 difference	 between	 the	 effect	 size	 of	 COD	be-
tween	the	different	condition	indices,	showing	that	it	explained	similar	
proportions	of	the	variance	in	each	model.	Acute	cases	were	in	better	







Juveniles	were	hypothesized	 to	be	 in	 the	poorest	 condition	overall,	




maturity,	 resulting	 in	 a	 large	 range	 in	 the	 sizes	of	 individuals	 in	 this	
age	group.
Calves	were	shown	to	be	in	the	poorest	condition,	but	this	would	
























1990).	This	 is	 likely	because	condition	 in	 these	animals	 is	not	solely	
a	 function	of	 blubber	 reserves,	 but	 also	of	muscle	mass	 as	 starving	
animals	begin	to	catabolize	muscle	as	well	(Stegall,	McLellan,	Dillaman,	
Read,	 &	 Pabst,	 1999).	The	 reasons	 for	 this	 are	 likely	 twofold.	 First,	
the	blubber	must	maintain	a	certain	thickness	to	fulfill	its	other	roles	
F IGURE  4 Partial	termplots	for	the	covariates	retained	in	the	final	two	best-	fitting	generalized	linear	models	following	variable	selection:	
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from	harbor	 porpoises,	 they	 are	 from	 larger	 cetacean	 species,	 and	
if	the	findings	of	this	study	are	applicable	across	a	range	of	species,	
then	biopsy	samples	obtained	from	live	animals	should	be	within	this	
mass	 range	 for	 reliable	 cortisol	 quantification	 using	 this	 extraction	
method.
Blubber	 cortisol	 concentrations	 measured	 in	 harbor	 porpoises	
here,	between	3.65	and	759.51	ng/g,	were	higher	 than	those	previ-
ously	 reported	 in	 common	 dolphins	 (Delphinus delphis;	 Kellar	 et	al.,	
2015)	 and	 belugas	 (Delphinapterus leucas;	 Trana	 et	al.,	 2016)	 with	
reported	average	 ranges	of	between	3.99–24.3	and	0.26–1.76	ng/g	
for	 each	of	 these	 species,	 respectively.	The	order	of	magnitude	dif-
ferences	between	the	maximum	concentrations	measured	in	each	of	
these	 three	 studies	 could	be	a	 result	of	 species-	specific	differences	
in	hormone	concentrations	and	metabolism,	as	well	as	method	alter-
ations	in	the	extraction	and	quantification	processes	between	studies.
Here,	 no	 significant	 variation	 in	 blubber	 cortisol	 concentra-
tions	was	seen	across	 the	 three	different	sampling	 locations.	Dorsal	


















This	 stratification	 in	 cortisol	 concentration	 is	 unsurprising	 given	
that	 cetacean	blubber	 is	 stratified	 into	 three	 layers	 that	 can	be	dif-
ferentiated	 visually,	 histologically,	 and	 biochemically	 in	 many	 ceta-
cean	species	 (Olsen	&	Grahl-	Nielsen,	2003;	Smith	&	Worthy,	2006).	

















4.4 | Cortisol concentrations as a potential 
marker of condition
Covariate	 analyses	 revealed	 that,	 even	 with	 a	 small	 sample	 size	 of	
just	20	individuals	and	high	levels	of	individual	variation,	cortisol	con-
centrations	 in	 dorsal,	 outer-	layer	 samples	 were	 weakly	 negatively	
correlated	 with	 body	 condition,	 higher	 concentrations	 were	 meas-
ured	in	juveniles	than	adults,	and	in	females	than	in	males.	In	terres-
trial	mammals	 (Castellini	&	Rea,	 1992),	 humans	 (Bergendahl,	Vance,	
Iranmanesh,	Thorner,	&	Veldhuis,	1996),	and	pinnipeds	(Champagne,	
Crocker,	 Fowler,	 &	 Houser,	 2012;	 Champagne,	 Houser,	 &	 Crocker,	
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2006;	Guinet	 et	al.,	 2004),	 extended	 periods	 of	 food	 restriction	 are	
associated	with	an	 increase	 in	 the	circulating	concentrations	of	cor-
tisol.	During	these	periods	of	reduced	food	intake	or	fasting,	cortisol	
increases	 lipolysis	 to	provide	energy	 (Bergendahl	et	al.,	1996)	and	 is	
involved	 in	 the	 maintenance	 of	 circulating	 glucose	 concentrations	
through	 increased	 gluconeogenesis	 (Exton	 et	al.,	 1972).	 It	 is	 likely	
that	 the	 same	principles	 apply	 to	 cetaceans,	 and	 as	 such,	 increased	
cortisol	concentrations	 in	 the	blubber	of	harbor	porpoises	 in	poorer	






adults	 associated	with	 foraging	 independently	 for	 the	 first	 time	and	
being	 immunologically	 challenged	 by	 new	 pathogens,	 again,	 leading	

























These	 results	 highlight	 the	 need	 to	 investigate	 the	 effect	 of	 the	
condition	 and	 physiological	 state	 of	 individuals	 before	 concluding	
that	cortisol	concentrations	measured	in	the	blubber	are	the	result	of	
heightened	 psychological	 stress	 alone.	 If	 these	 results	 persist	 across	
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